After fusion of the envelope of herpesvirus particles with the host cell plasma membrane, incoming nucleocapsids are transported to nuclear pores. Inner tegument proteins pUL36, pUL37, and pUS3 remain attached to the nucleocapsid after entry and therefore might mediate interactions between the nucleocapsid and cellular microtubule-associated motor proteins during transport. To assay for the role of pUL37 in this process, we constructed a pUL37-deleted pseudorabies virus mutant, PrV-⌬UL37/UL35GFP, which expresses a fusion protein of green fluorescent protein (GFP) and the nonessential small capsid protein pUL35, resulting in the formation of fluorescently labeled capsids. Confocal laser-scanning microscopy of rabbit kidney cells infected with PrV-⌬UL37/UL35GFP revealed that, whereas penetration was not affected in the absence of pUL37, nuclear translocation of incoming particles was delayed by approximately 1 h compared to PrV-UL35GFP, but not abolished. In contrast, phenotypically complemented pUL37-containing virions of PrV-⌬UL37/UL35GFP exhibited wild type-like entry kinetics. Thus, the presence of pUL37 is required for rapid nuclear translocation of incoming nucleocapsids.
The herpesvirus replication cycle starts with attachment of extracellular virions to cellular receptors, which is followed by fusion of the virion envelope either with the cellular plasma membrane (20) or, after endocytosis, with the endosomal membrane (49) , resulting in release of the nucleocapsid into the cytosol. During this process, most proteins of the tegument, which in the herpes virion resides between the envelope and nucleocapsid, are released from the incoming particle. Several tegument proteins prime the cell for virus infection by shutting off cellular protein synthesis (virion host shut-off factor, pUL41) (29) or, after translocation into the nucleus, boost viral transcription (␣-transinducing factor, pUL48) (2) . Other tegument proteins, however, remain bound to the incoming nucleocapsid during its transit to the nuclear pore, where the viral genome is released into the nucleus to start viral gene expression. Thus, efficient transport of nucleocapsids to the nuclear pore is crucial for herpesvirus infectivity.
For efficient nuclear targeting of incoming nucleocapsids, herpesviruses recruit cellular motor proteins to move along microtubules (MT) (9, 11, 17, 43, 45, 48) . This process is particularly relevant to overcome even long distances, such as between neuronal axon termini and the nucleated cell bodies. MT are polar cytoskeletal filaments with a fast-growing plus end, extended toward the cell periphery, and a less dynamic minus end, attached to the MT organizing center (38) . Minus end-directed transport catalyzed by the huge dynein-dynactin motor complex (44, 53) is used by a variety of viruses (9, 15, 30, 35, 40, 41, 45, 48, 50) . Studies of epithelial and neuronal cells revealed that incoming herpes simplex virus type 1 (HSV-1) capsids colocalize with cytoplasmic dynein and dynactin and that capsid transport to the nucleus is inhibited by destabilization of the dynein motor complex, e.g., by overexpression of the dynactin subunit dynamitin (12, 28, 33, 48, 52) . Dyneinmediated transport requires a physical interaction between the intracellular viral particle and the motor complex, and several herpesviral proteins, like pUL34, pUL35, pUL56, and pUS11, have been found to interact with cellular motor components (7, 8, 13, 26, 31, 32, 34, 55) . However, the relevance of these interactions for intracellular transport of herpesvirus particles remains unclear. Proteins of the "inner," capsid-proximal tegument (37) are prime candidates for mediating nuclear translocation by interacting with cellular motors. They encompass pUL36 and pUL37, which are conserved within the Herpesviridae and form a physical complex (16, 18, 21, 24) , as well as the alphaherpesvirus-specific pUS3 protein kinase (19, 31) . Although pUL36 and pUL37 of HSV-1 failed to interact with subunits of the dynein motor complex in a yeast two-hybrid assay (13) , exposure of these proteins after removal of the outer tegument by chemical treatment increased the efficiency of MT-dependent transport of capsids in vitro (54) . Proteins of the inner tegument are also involved in intracellular transport of nucleocapsids during egress. As shown for the porcine alphaherpesvirus pseudorabies virus (PrV), this plus end-directed motion of nucleocapsids is abolished in the absence of pUL36, whereas the presence of pUL37 was not essential but increased the efficiency of transport (32) . Studies of the role of pUL37 during entry have not yet been performed. In contrast to pUL37-deleted HSV-1 (6), PrV-⌬UL37 is able to replicate productively on noncomplementing cells, though at significantly lower levels than the wild-type virus, demonstrating that pUL37 is not strictly essential for any crucial step during PrV replication (25) . Thus, extracellular PrV virions lacking pUL37 can be obtained from noncomplementing cells and assayed for early steps in subsequent infection. Nevertheless, the presence of pUL37 is a prerequisite for efficient secondary nucleocapsid envelopment in the cytoplasm during morphogenesis of PrV and HSV-1 particles (6, 25) .
To analyze the role of pUL37 in early events of herpesvirus infection, we constructed and characterized a novel pUL37 deletion mutant of PrV based on wild-type PrV strain Kaplan (PrV-Ka) (22) , which expresses a fusion protein of the nonessential small capsid protein pUL35 with enhanced green fluorescent protein (eGFP) (4, 5, 27) . Although eGFP fusion can result in loss of pUL35 function (27) , it has been shown for HSV-1 that dynein-mediated transport is not impaired, even by complete loss of pUL35 (1, 10) . Genome analyses of the obtained recombinant PrV-⌬UL37/UL35GFP confirmed the expected deletion of UL37 codons 15 to 778 (of 920) (25) , as well as in-frame fusion of the eGFP and pUL35 coding sequences (results not shown). For protein characterization, RK13 or complementing RK13-UL37 cells (25) were infected with PrV-⌬UL37/UL35GFP, PrV-UL35GFP (27) , PrV-⌬UL37 (25), or PrV-Ka at a multiplicity of infection (MOI) of 1 for 30 h, and infected cell proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Western blot analyses were performed as described with monospecific anti-pUL35 (27) or anti-pUL37 rabbit sera (25) ( Fig. 1 ). As expected, UL37 gene products were not detectable in RK13 cells infected with PrV-⌬UL37/UL35GFP or PrV-⌬UL37, whereas PrV-UL35GFP-and PrV-Ka-infected cells expressed the 100-kDa pUL37 ( Fig. 1 ). Since a complete UL37 knockout would impair the promoter of the essential downstream UL36 gene, the 3Ј-terminal 142 codons were retained. However, the deletion brings these codons out of frame with the first 15 codons remaining from the 5Ј end, which, theoretically, could still be expressed. pUL36 was incorporated into virions in the absence of pUL37. However, a more precise quantitation is problematic due to the extreme size (Ͼ300 kDa) of the protein. We did not observe an alteration in virion composition besides absence of pUL37 and presence of pUL35GFP compared to wild-type PrV (data not shown). After infection of RK13-UL37 cells with pUL37 deletion mutants, pUL37 was detected at levels similar to those of wild-type virions ( Fig. 1) . Independent of the cell line used, PrV-Ka-and PrV-⌬UL37-infected cells exhibited native pUL35 (ca. 12 kDa), and PrV-UL35GFP-or PrV-⌬UL37/UL35GFP-infected cells expressed the 38-kDa pUL35-eGFP fusion protein (27) ( Fig. 1) . Thus, the protein expression pattern of the mutant viruses was as expected.
One-step replication kinetics and plaque sizes of PrV-Ka, PrV-UL35GFP, PrV-⌬UL37, and PrV-⌬UL37/UL35GFP were compared on RK13 and RK13-UL37 cells. In noncomplementing cells, the maximum titers of PrV-⌬UL37/ UL35GFP were reduced ca. 100-fold compared to those of PrV-Ka, whereas the two single mutants exhibited ca. 10-fold titer reductions each ( Fig. 2A ). In cells expressing pUL37, the defect of PrV-⌬UL37 could be almost completely corrected, and PrV-⌬UL37/UL35GFP exhibited similar growth properties as PrV-UL35GFP ( Fig. 2B ). On either cell line, the growth kinetics after infection with noncomplemented or phenotypically complemented UL37 deletion mutants were similar ( Fig.  2) , indicating that pUL37 plays its main role after viral de novo protein synthesis during virion maturation and egress. In agreement with earlier results (25, 27) , cell-to-cell spread of PrV in RK13 cells was also affected by deletion of UL37, as well as by eGFP tagging of pUL35. Compared to those of wild-type PrV-Ka, the plaque diameters of PrV-⌬UL37 and PrV-UL35GFP were reduced by ca. 50% and 25%, respectively, whereas plaques of PrV-⌬UL37/UL35GFP reached only 15% of the wild-type sizes (Fig. 3A ). Analogous to the results of one-step growth studies, in RK13-UL37 cells, the plaque sizes of PrV-⌬UL37 were similar to those of PrV-Ka and the plaque sizes of PrV-⌬UL37/UL35GFP increased to those of PrV-UL35GFP ( Fig. 3B) . Thus, the defects caused by deletion of pUL37 and eGFP fusion of pUL35 were independent of each other, and the pUL37 defect could be complemented efficiently in cells that provided pUL37 in trans.
Analysis of penetration kinetics using citrate inactivation (36) showed similar entry phenotypes for all viruses tested ( Fig. 4A) , demonstrating that the presence or absence of pUL37 does not alter the ability of the virus to cross the plasma membrane.
To assay for nuclear translocation of incoming nucleocapsids, subconfluent RK13 cells were precooled on ice for 15 min and subsequently infected with sucrose gradient-purified PrV-UL35GFP or either phenotypically complemented or noncomplemented PrV-⌬UL37/UL35GFP at an MOI of 200. After 1 h, inocula were replaced by prewarmed medium, and cells were further maintained at 37°C. Cells were fixed with 3% paraformaldehyde in phosphate-buffered saline (PBS) at different times, from immediately after infection (0 h) to 8 h postinfection (p.i.), permeabilized with 0.3% Triton X-100, and incubated with a murine anti-␣-tubulin antibody (diluted 1:1,000 in PBS; Sigma), which was detected with the fluorescence-tagged Alexa Fluor 647 goat-anti mouse-antibodies (diluted 1:1,000 in PBS; Molecular Probes). In addition, cellular F-actin was labeled with Alexa Fluor 546-tagged phalloidin (Molecular Probes). For scanning and photography, a confocal laser-scanning microscope (LSM510; Zeiss, Göttingen, Germany) was used. At least 10 randomly selected cells for each time point were analyzed in three independent experiments, and representative images are shown in Fig. 5 and 6 .
In the assays, blue indicates the actin-rich cortex underlying the plasma membrane, whereas MT (red) form a complex network within the cytosol. pUL35GFP-tagged capsids were detected as small green fluorescent spots. After 1 h of adsorption on ice, capsids of PrV-UL35GFP or PrV-⌬UL37/ UL35GFP were found attached at the surface of the cells (Fig.   5 , 0 min). As early as 5 min after the temperature shift to 37°C, numerous intracellular nucleocapsids could be detected, and many capsids of PrV-UL35GFP had moved to areas close to the nucleus (Fig. 5, 5 min), reflecting an efficient nuclear targeting. This parallels results from electron microscopic analyses demonstrating translocation of incoming PrV nucleocapsids to the nuclear pore by as early as 5 min after infection (19) . After 20 min, almost all PrV-UL35GFP particles had accumulated at the nucleus and remained there at later times ( Fig. 5,  1 h) .
In contrast, nuclear targeting of capsids of PrV-⌬UL37/ UL35GFP isolated from noncomplementing RK13 cells was significantly delayed (Fig. 5, middle panel) . Intracellular capsids of PrV-⌬UL37/UL35GFP were detected inside the cell underneath the plasma membrane at 5 min p.i. (Fig. 5, 5 min) , indicating that crossing of the plasma membrane and the actin cortex occurred unimpeded. However, capsids remained at the cell periphery for a considerable time ( Fig. 5 , 5 to 20 min) and were not detected at the nucleus until 1 to 2 h after the temperature shift ( Fig. 5, 1 h) . In contrast, capsids of PrV-⌬UL37/UL35GFP passaged on RK13-UL37 cells traversed the cytoplasm with similar kinetics (Fig. 5, right panel) as PrV-UL35GFP ( Fig. 5, left panel) and accumulated at the nuclei as early as 10 min p.i., demonstrating that the observed delay in nuclear translocation of phenotypically noncomplemented PrV-⌬UL37/UL35GFP capsids was due to the absence of pUL37. The percentage of cells with fluorescent capsids at the nucleus is given in Fig. 4B .
Beginning at 3 h p.i., the intensity of green fluorescence continuously increased in PrV-UL35GFP-infected cells, indicating de novo synthesis of the UL35-eGFP fusion protein (Fig. 6, left panel) . The labeled protein was first restricted to the cytoplasm and accumulated in areas adjacent to the nucleus ( Fig. 6, 3 h) . From 4 h p.i., an extensive green fluorescence pattern was detected inside the nucleus, reflecting the targeting of newly synthesized pUL35GFP to intranuclear sites of capsid assembly (Fig. 6, 4 h) . In addition, cytoplasmic accumulations of pUL35GFP decreased as intranuclear fluorescence intensity increased. However, although intranuclear fluorescence was predominant, intracytoplasmic fluorescent punctae, which could represent newly formed capsids during egress, were also observed (Fig. 6, 4 and 5 h) . Late in infection, cells infected with PrV-UL35GFP showed typical morphological changes described for alphaherpesvirus infections. The cells assumed a more spherical shape and showed enlarged nuclei, which were filled with the UL35-eGFP fusion protein (Fig. 6, 5 and 8 h) .
The course of infection by noncomplemented PrV-⌬UL37/ UL35GFP was essentially the same, but with a ca. 1-to 2-h delay (Fig. 6, middle panel) . This corresponds to the delay in capsid transport to the nucleus observed at earlier times after infection ( Fig. 4B and 5) . Interestingly, the delayed onset of replication of the pUL37 deletion mutant was corrected by phenotypic transcomplementation of PrV-⌬UL37/UL35GFP. After infection of RK13 cells with pUL37-containing virions of this mutant, first intracytoplasmic as well as intranuclear GFP fluorescence could be observed at 3 h and 4 h p.i., respectively ( Fig. 6, right panel) , similar to observations of PrV-UL35GFPinfected cells (Fig. 6, left panel) .
Thus, our data show that the absence of pUL37 delays nuclear translocation of incoming capsids by about 1 h but does not abolish it. A delay between virus entry and immediate-early gene expression has also been observed in a human cytomegalovirus mutant lacking the pUL37 homolog UL47 (3), which might reflect a similar role for UL47 in human cytomegalovirus to that of pUL37 in PrV. The observed retention of capsids at the cellular periphery indicates that pUL37 may play an accessory role during formation of initial connections between viral capsids and MT-dependent transport proteins.
For active MT-mediated transport, herpesvirus particles have to interact directly or via adaptor proteins with cellular motor proteins. Interactions with dynein or kinesin subunits have been identified for several proteins of HSV-1 (13, 34, 37, 55) , but up to now only the PrV homolog of tegument protein VP1/2 (pUL36) has been shown to be essential for intracellular capsid transport (32) . Besides pUL36, its complex partner pUL37 also remains associated with incoming nucleocapsids during transport (19) , and in this study we demonstrate that the conserved tegument protein pUL37 enhances nuclear trafficking of PrV capsids. However, since pUL37 is not essential for intracellular MT-mediated transport, a direct interaction with cellular motor proteins appears unlikely, although it cannot be completely excluded.
We consider it most likely that, in the absence of pUL37, binding of other viral protein(s), possibly pUL36, to the cellular MT motor system is impaired, resulting in the observed delay in nuclear translocation of incoming capsids. Since a similar defect has also been observed for egressing capsids (32) , pUL37 may have similar roles during entry and egress. Although intracellular transport of herpesvirus capsids appears to be bidirectional, different directions are preferred during entry or egress (46, 47) . At this time, it is not known by which molecular mechanism overall direction of capsid transport is controlled, but various compositions of the attached tegument proteins or their differential phosphorylation by cellular or viral kinases could be involved (31, 42, 47) . Thus, pUL37 might also contribute to this regulatory process.
The similar virus titers and plaque sizes obtained with noncomplementing cells infected with phenotypically complemented or noncomplemented preparations of UL37-deleted PrV revealed that their different entry kinetics may not lead to drastic alterations in viral replication. However, a decrease in nucleocapsid velocity during egress could impair virion morphogenesis, e.g., the addition of other tegument proteins and final envelopment in different regions of the cytoplasm, which may not be reached "in time," resulting in the observed accumulations of nonenveloped HSV-1 and PrV capsids in juxtanuclear regions (6, 25) . Thus, it is conceivable that the observed defects associated with lack of pUL37, delayed transport and impaired virion morphogenesis, are indeed linked.
The entry delay of pUL37-deleted PrV that we observed in nonpolarized cultured cells may be significantly extended in sensory neurons because of the long distances between nerve endings embedded in viral replication centers in the periphery and the nucleated cell bodies in sensory ganglia (14, 51) . A similar situation should then occur in anterograde capsid trans- port to the synapse for transneuronal spread (32) . A combination of these defects could explain the complete block in neuroinvasion which was observed after deletion of PrV pUL37 in a murine infection model (23) .
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